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ABSTRACT

The fiber-matrix interfacial properties of several glass and ceramic matrix

composites have been determined using two indentation techniques and a single

fiber pull-out technique. An instrumented indenter was developed to improve

the acquisition and analysis of the data. The effects of thermal expansion

mismatch were determined from three model composite systems containing large

SiC monofilaments using the single fiber pull-out test. An indentation push-

out test was successfully used to determine the debond strength of a

borosilicate matrix/SiC monofilament/carbon core material. A comparison of

the various techniques for determining the fiber-matrix interfacial properties

was conducted.

( 1 )



MECHANICAL PROPERTY ENHANCEMENT IN CERAMIC MATRIX COMPOSITES

BACKGROUND

The key parameters responsible for the stress-strain behavior and damage

tolerance of fiber-reinforced ceramic composites are the fracture toughness of

the matrix, the strength of the fiber/matrix interface, and the properties and

distribution of the fibers themselves. Increases in the fracture resistance

of the matrix and the strength of the interface are predicted to lead to an

increase in the stress at which the matrix begins to microcrack. Balanced

against this increase in microcracking stress is the necessity for maintaining

some degree of fiber pullout in order to achieve the desired stress-strain

behavior of the composite. Quantitative experimental verification of the

models developed to explain composite fracture ( 1 - 5 ) has not yet been

obtained

.

The primary objective of this program is to experimentally determine the

relationships between the fracture behavior of fiber-reinforced ceramic

composites, the properties of the individual components, and the interface

between the fiber and the matrix. A second objective is to establish

mechanical test procedures appropriate for these composite systems. The

increased understanding of the fracture process will be used to develop

strong/damage tolerant materials.

To meet these objectives, we have examined a number of different

composite systems by a number of different test procedures. Both the systems

examined and the test methods used on each are shown in Table 1 . The systems

chosen are either model systems (Na2 0-Ca0-Si02
,
Na20-B203 -Si02

,
and Ca0-Ti02-

Si02 matrices reinforced with SCS -6 SiC^ ) or commercially available materials

^Textron Specialty Materials, Lowell, Massachusetts
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Table 1

Materials and Test Methods Used to Determine Fiber-Matrix Properties

Test Methods -+ Single Fiber
Pull-Out

Indentation
Push- In

Indentation
Push-Out

Materials i

Na20-B2 03 -Si02/SCS-6 SiC X X

Na20-Ca0-Si02/SCS-6 SiC X

Ca0-Ti02 -Si02/SCS-6 SiC X

LAS III/Nicalon SiC X X

(LAS III matrix reinforced with Nicalon SiC^)^. The model systems were chosen

for a number of reasons including ease of fabrication, thermal expansion

mismatch between fiber and matrix, and the handleability and reproducibility

of the fibers.

The work performed to date is divided into three parts: 1) measurement

of the fiber-matrix interfacial properties, 2) determination of thermal

expansion mismatch effects on the fiber-matrix interfacial properties, and 3)

development and comparison of various test methods for determining fiber-

matrix interfacial properties. The interfacial properties of interest include

interfacial frictional stresses and fiber-matrix debond strength, which as

noted above, determine the balance between matrix microcracking, at which

point environmental effects can become important, and graceful failure of the

composite

.

^ Nippon Carbon, Tokyo, Japan

^ United Technologies Research Center, East Hartford, CT
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RESULTS

Interfacial Strength Measurement Via Instrumented Indentation Testing

The method used to determine the strength of the fiber/matrix interface

is based on the indentation technique described by Marshall (6). A Vickers

diamond indenter is used to apply a force, F, to a fiber parallel to the fiber

axis in a polished cross section of the composite. The method is an extension

of Marshall's technique in that the indenter is instrumented to measure both

the load applied to the fiber as well as the displacement of the diamond tip.

The load-displacement curves can be used to calculate the interfacial stresses

or fiber-matrix debond strength.

In our variation, a strain gage load cell and capacitance sensors are

used to determine the load and displacement and recorded in real-time via

computer. Typical results of applied load and displacement of the fiber

versus time are shown in Figure 1 . This raw data is converted to force

squared (F^) versus displacement (S) from which the debond strength or

interfacial friction stresses are calculated. The instrument can be used to

perform either the indentation push- in test wherein the fiber is pushed into

the matrix or an indentation push-out test wherein the fiber is pushed through

the matrix. A typical plot of F^ versus S for the indentation push- in test is

shown in Figure 2. is calculated from the slope of this plot as:

r
2 3

4 TT R E,

( 1 )

where m is the slope, R is radius of the fiber, and Ef is the elastic modulus

of the fiber.

In the indentation push-out test, three regimes of behavior are expected

and illustrated schematically in Figure 3. The first regime resembles the

indentation push- in test where the Vickers diamond is only in contact with the
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fiber and the fiber is not completely debonded from the matrix but is moving

in the matrix. The second regime occurs when the fiber has completely

debonded from the matrix and is slipping along its entire length through the

matrix. In Figure 3, this regime is denoted by the plateau region. Although

shown as a flat plateau, there should be a slight decrease in versus S as

the length of the fiber in the matrix becomes smaller. In practice, for at

least some materials, this decrease is not observed. The third regime occurs

when the diamond makes contact with the matrix and the force increases

significantly with little change in displacement. In the initial regime,

can be determined from the slope of F^ versus 5 according to equation 1. In

the plateau region, or are determined from the value of the force at the

plateau according to:

F

2 TT R t
( 2 )

where t is the thickness of the specimen.

For large monofilaments, such as Textron's SCS-6 SiC, where the SiC is

deposited on a carbon core, two plateaus are expected. The first occurs when

the carbon core (33 /im diameter) slips in the SiC; the second occurs when the

Sic fiber (about 140 urn. diameter) slips in the matrix.

An alternative method for determining the strength of interfaces is the

single fiber tensile test. This test gives a direct measure of the interface

strength (7-9) and provides information on both the debonding and pull-out

processes occurring in composites. In spite of these advantages, single fiber

pull-out tests have been used only recently for glass matrix systems (10-12).

This test is discussed in more detail in the next section, as the results

obtained this year with this method are related to understanding the effects

of thermal expansion mismatch.

( 5 )



Effects of Thermal Expansion Mismatch on Interfacial Properties

In the absence of a chemical bond across the interface, or if an existing

bond is broken, the resistance to fiber pull-out is mainly from interfacial

frictional stresses, . If the matrix shrinks more than the fiber (due to

thermal expansion)
,

a residual compressive stress acting at the interface is

produced, which depends on the elastic properties of the fiber and matrix, the

difference in thermal expansion between the fiber and matrix, and the

temperature difference between the glass strain point (Tg ) and room temper-

ature (Tj.^). VThen ccgiass ^ “sic> ^ larger thermal expansion coefficient

difference should lead to a larger compressive stress, and thus to a higher

resistance to pull-out. To confirm this hypothesis, experimental data were

collected on both soda- lime-silica glass/SiC fiber and calcia- titania-silica

glass/SiC fiber systems for comparison with data [10] on a borosilicate

glass/SiC fiber system. The SiC fiber was the large diameter SCS-6, chosen

because of its ready availability, reproducibility of properties, and

handleability after sample fabrication. The single fiber pull-out test was

used to determine the interface properties because of the ease of sample

fabrication and the ability to determine both debond strengths and interfacial

frictional stresses. The coefficient of thermal expansion for each material

is shown in Table 2. Using this information, should increase in the order

Ca0-Ti02 -Si02 -* Na20-B2 03 -Si02 -+ Na20-Ca0-Si02 .

Table 2

Thermal Expansion Coefficients of Matrices and Fiber

SiC Monofilament 26 X 10"^ °C‘i

Soda-Lime-Silica Glass 82 X 10'^

Borosilicate Glass 32 X 10'^

Calc ia-Titania- Silica 13 X 10'^
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Single fiber pull-out samples were fabricated by sandwiching SiC

monofilaments between borosilicate glass plates and heating under dead weight

loading corresponding to 14-21 KPa pressure. Molybdenum sheets were placed

between the dead weight and the glass plates to prevent adhesion during

fabrication. The entire assembly was immersed in graphite powder to prevent

oxidation of the fibers. Industrial grade argon was kept flowing through the

furnace. The samples were held at 760°C for 60 min to obtain good flow of the

glass around the monofilament. A schematic of the finished samples is shown

in Figure 4. Different embedded lengths were obtained by varying the length

of the monofilament between the plates. Individual samples were loaded in

uniaxial tension on a screw-driven universal test machine^ . The samples were

gripped using swivel hooks attached to ball joints to facilitate alignment of

the fiber with the stress axis. Samples were pulled at a rate of 0.05 cm/min.

The embedded length was determined from the force-displacement curves (Figure

5) ,
since accurate optical measurements prior to testing could not be made due

to uncertainty in where the monofilament emerged from between the glass

plates

.

Two types of force-displacement curve were observed in the soda- lime-

silica glass/SiC fiber system as shown in Figure 6. In both cases, the load

increased linearly with displacement until the fiber debonded from the matrix.

In the first case, there was a sharp drop in load, followed by pull-out of the

fiber. In the second case, the load decreased gradually from the maximum

while the fiber pulled out. The incidence of "stick-slip" behavior during

pull-out was much less frequent than in the borosilicate glass/SiC system [4]

,

suggesting the presence of a lubricating layer between the fiber and the soda-

lime-silica matrix.

^ Instron Corp., Canton, MA.
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The maximum force required to initiate pull-out of the fiber is plotted

vs embedded length in Figure 7. Although there is considerable scatter in the

data, it can be seen that the pull-out force increases with increasing

embedded length as long as the fiber strength is not exceeded. Some of the

scatter may be due to non-uniform flow of glass around the fiber, leading to

an air gap at the interface, and therefore reduced contact area and pull-out

force. Also plotted in Figure 7 are the loads at which only frictional forces

are acting on the interface. The difference between the maximum load and the

frictional load is not constant. To confirm that the first load drop is due

to debonding, several samples were unloaded following the initial load drop,

then reloaded. Upon reloading, pull-out was observed at the same load where

unloading had occurred, showing that the fiber-matrix bonds were in fact

broken initially and that only frictional stress was operating at the

interface. Occasionally, after reloading, a very small load drop was observed

which is attributable to the difference between the static and dynamic

coefficients of friction. The stability of r during pull-out over a wide

range of instantaneous embedded length is demonstrated in Figure 8.

Table 3 shows calculated values for r for the soda- lime-silica
,
calcia-

/

titania- silica
,
and borosilicate glass systems. The large standard deviation

Table 3

Shear Stresses and Coefficients of Friction for Glass/SiC Systems

Calcia- titania- Borosilicate Soda-Lime-Silica
silica glass glass Glass

Aa (10V°C)

Td (MPa)

Tf (MPa)

Ai

-13.0

3.1

3.1

Not measured

6.2

11.1 ± 3.2

3.6 ± 0.7

0.72 ± 0.36

56

18.7

13.9 ± 4.1

0.10 ± 0.03
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for the soda- lime-silica system is believed to be due to variations in

processing conditions. Friction coefficients, n, were also obtained from this

data. For the soda-lime-silica system, ^ was calculated to be 0.10 ± 0.03;

for the borosilicate system, n is 0.72 ± 0.36. The frictional stress acting

at the interface may now be calculated as the product of
fj,

and
,
where =

c7
g

- kof , CTf being the axial stress corresponding to the frictional force and

kaf representing the reduction in due to Poisson's contraction. For the

soda-lime-silica system, was calculated to range from 4-20 MPa, for the

borosilicate system, it was in the range from 2-3 MPa, and for the calcia-

titania-silica system, it was ~ 3 MPa. It can therefore be seen that

increasing the thermal expansion mismatch between the fiber and the matrix to

increase the compressive stress on the fiber yields a greater resistance to

fiber pull-out, and should result in a more damage tolerant material, provided

the increased compressive stress does not result in microcracking in the

matrix surrounding the fiber.

Comparison of Techniques for Determining Fiber-Matrix Properties

No one material lends itself to testing using all three methods

(indentation push- in, indentation push-out, and single fiber pull-out)

described above, and no single test method provides all of the information

desired on interfacial mechanical properties. The reasons for this are as

follows. In a single fiber pull-out test, the combination of a small fiber

diameter (10-20 /im) for materials such as Nicalon SiC, high temperature

(>700°C) processing required to obtain an acceptable sample geometry, and

handling to set up each experiment makes it difficult at best to perform the

test on a large enough number of samples. In the indentation push- in test,

the large monofilaments tend to crush or split rather than slide, thus
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obliterating the indentation impressions and yielding inaccurate displacement

measurements. To date, no work has been published regarding the use of the

indentation push-out test on layered fibers such as SiC deposited on C or W

cores. In view of these problems, two model composite systems were chosen

which were amenable to measurements by more than one technique. The model

systems examined included the borosilicate glass/SCS-6 and the LAS

III/Nicalon. The borosilicate glass system was tested using the pull-out and

indentation push-out techniques, while the glass-ceramic system was tested

using the two indentation techniques.

As noted in the previous section, single fiber pull-out tests give the

most direct measure of the interface strength, but the tests performed to date

have only been conducted on monofilaments. Indentation testing is a

relatively new technique for determining fiber/matrix interfacial properties.

Interfacial frictional stresses of 2.5 ± 0,9 MPa have measured for lAS-

III/Nicalon SiC-reinforced glass-ceramic, but the method requires precise

measurement of very small indentation sizes, potentially a significant source

of error. For the results to be valid, the specimen thickness must be large

compared to the diameter of the fiber. Additional studies by Marshall and

Oliver [13] refined the method by using a pyramidal indenter at ultralow loads

(< 0.12 N) . In this method, the indenter is instrumented to provide

independent determinations of force applied to the fiber and displacement of

the fiber in the matrix. The revised method permits examination of both

debonding and frictional sliding in a SiC/glass-ceramic composite. Values of

Tf on the order of 3.5 MPa were obtained on this material, in good agreement

with the initial measurements using the Vickers diamond. One particular

aspect of this method which limits its use is the special apparatus required

to apply very small loads, although efforts are currently being made to expand

(10)



the load range which can be applied [14] . While most of the work on the

indentation push- in test has been conducted using a standard Vickers diamond

geometry, Mandell et al [15] have shown that the shape of the indenting

diamond can be changed to increase the amount of sliding which can be

observed.

The materials for the Indentation tests were either obtained from

commercial sources or made by hot pressing a sample of SiC/borosilicate glass

at 800°C for 30 minutes at about 14 KPa. Specimens for indentation included

1 mm and 2 mm thick multifilament SiC/glass -ceramic and 0.3 mm thick

monofilament SiC/borosilicate glass. The samples were at least partially

flat and polished so that the capacitance probes did not have to be adjusted

frequently. A 50 g load was used for the SiC/glass -ceramic material, and the

loads ranged from 130 to 150 g for the SiC/borosilicate material. Based on

the debond strength of the SiC/glass, as determined from the single fiber

pull-out test (9 MPa)
,
loads < 140 g should exhibit a single plateau of the

core slipping in the SiC while loads > 140 g should exhibit both plateaus.

As noted above, which value of r is measured depends on the test method

employed as well as the material being tested. It is expected that the single

fiber pull-out test will provide information on both debonding strength and

frictional stresses, while the push-in test will measure frictional stresses

only. The push-out test could measure either or both debond strength or

frictional stress, depending on the material and the indenter geometry.

The types of force-displacement curves obtained from the single fiber

pull-out test are described in the previous section. In both cases, the load

increased linearly with displacement until the fiber debonded from the matrix.

In the first case, there was a sharp drop in load, followed by pull-out of the

fiber. In the second case, the load decreased gradually from the maximum

( 11 )



while the fiber pulled out. The two types of curves may indicate two types of

interface failure. A sudden drop indicates catastrophic failure of the entire

interface whereas the smoother curve indicates a more gradual, incremental

failure of the interface.

The values of measured using the single fiber pull-out test for the

SiC/borosilicate system are lower than those obtained by Goettler and Faber

[12] (12.5 MPa), but the analytical methods were different, as were the

specimen fabrication procedures. When the data of Deshmukh and Coyle [10] for

SiC reinforced borosilicate glass are examined using the analysis of Goettler

and Faber, a value of of 22 MPa is obtained. When the expected residual

stresses are taken into account, a value of Tq between 7 and 18 MPa is found,

depending on the choice of friction coefficient (0.2 vs 0.72). A friction

coefficient of 0.72 is the value taken from reference 10, while = 0.2 is

that determined in reference 12. Both values of Tq are in good agreement with

the result of Goettler and Faber for the same nominal composition matrix.

For the SiC/borosilicate glass system, the push-out test shows either one

or two plateaus (Figure 9). As described above, based on the debond strength

of SiC/glass, loads < 140 g should exhibit a single plateau while those > 140

g should exhibit two plateaus. The first case is shown in Figure 9a. The

force at the plateau gives a value of of 38 MPa for the core slipping

through the SiC. The second case is shown in Figure 9b, where the force at

the first plateau gives a value of r of 36 MPa for the core slipping in SiC

and the force at the second plateau gives a value of r of 10 MPa for the SiC

slipping in the matrix. Tests on additional fibers gave an average value of r

of 30 ± 9 MPa for the core in SiC. The value of r for SiC in the matrix is in

reasonable agreement with obtained from the single fiber pull-out test.

These results are based on a fairly small number of fibers and additional

( 12 )



verification is required to more firmly establish these values. In addition

to more data, precise measurements of the indentations need to be made and

Marshall's analysis applied to the data to confirm that the two methods agree.

Examination of the SiC/glass-ceramic system shows that r is dependent on

the investigator as well as the technique. The indentation push- in results

yield r's varying from 1 to 10 MPa, depending on the investigator [6,13,16,17]

and from 1 to 100 MPa, depending on the heat treatment [16]. The discrepancy

in heat treated materials is due to differences in the fiber-matrix interface

bonding with some fibers being more tightly bound than others. This would

lead to differences in both debond strength and frictional pull-out. The

discrepancy in various untreated materials is due to both differences in the

fiber-matrix bond and fiber misorientation with respect to the applied force.

In a sample which is 2 mm in thickness, the indentation test was either

of the push- in or push-out type. Typical results are shown in Figures 2 and

10. In Figure 2, a push- in type is shown while Figure 10 shows a push-out

result. In both cases, however, t is on the order of 1-6 MPa for this system,

leading to the conclusion that this r is due to frictional effects. Values of

T as high as 55 MPa were also observed, leading to the supposition that there

are differences in the bonding between fiber and matrix at different locations

in the specimen. The indentation push-out test results are more difficult to

obtain because of the need to use flat and polished samples. Based on a

number of measurements, however, the indentation push-out results are more

reproducible than are the indentation push- in results. For this thickness

sample, it is apparent that the assumptions for both types of test are met.

For thinner samples, the assumption that the thickness » fiber diameter may

be violated, thus determined from the plateau region of the push-out test

may not agree with that obtained in the initial region where push- in is
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assumed to take place. The analysis of the push-out test in the plateau

region is simpler than that required for the push- in test and is not affected

by the assumptions regarding elastic interactions after the force is released

and what happens below the slip region during testing.

SUMMARY

For soda-lime-silica glass/SiC monofilament, interfacial frictional

stresses of around 14 MPa, debond strengths of about 19 MPa, and coefficients

of friction between 0.03 and 0.17 were obtained. These values may be

significantly affected by the glass/fiber/air surface stress discontinuity.

For the calcia- titania-silica glass/SiC monofilament, interfacial frictional

stresses and debond strengths were both on the order of 3 MPa.

Compared to borosilicate glass system, the frictional stresses in the

soda- lime-silica system are higher due to the higher normal compressive stress

at the fiber-matrix interface. These higher stresses are the result of the

larger difference in thermal expansion coefficients between the soda- lime-

silica glass and SiC fiber than between the borosilicate glass and SiC fiber.

The calcia- titania-silia system has a frictional stress about the same as that

observed in borosilicate glass, but shows a significantly lower debond

strength. At this point, the supposition is that chemical bonding effects in

the calcia- titania-silica system dominate the pull-out process, even though

debonding of the fiber from the matrix due to the smaller thermal expansion

coefficient of the glass than the fiber would be expected to strongly

influence the behavior. This apparent anamoly is being explored further

before any additional conclusions can be drawn.

The low friction coefficients obtained in the soda- lime-silica system

suggest the presence of a lubricating layer between the fiber and the matrix,

(14)



perhaps due to processing. At this time, there are no plans to further

investigate this behavior.

The single fiber pull-out test provides the most direct method of

determining the interfacial strengths, both debonding and frictional, but at

present can only be used effectively for large fiber diameters, primarily due

to specimen handling considerations. The indentation tests use a minimal

amount of material and can be performed on samples containing either large

monofilaments or small diameter multifilament tows but provide information on

only (push-in) or or (push-out), depending on indenter geometry and

material characteristics. It is possible that the push-out test can be

performed at slower loading rates and with a different indenter geometry, thus

allowing for separation of the debonding strength from the interfacial

friction stress in the force^ -displacement curve. The preparation of

indentation push-out samples is more difficult than for indentation push- in

samples but the analysis is simpler and the results appear to be more

reproducible. While there are some discrepancies yet to be resolved,

interfacial strengths determined using different test methods agree well with

one another as do debond strengths determined using different methods.

Based on the ability to measure both debond strength and interfacial

frictional stress, and the need to use a minimal amount of material, the

indentation push-out test appears to be the most desirable one to use.

FUTURE PLANS

During the coming year, we will focus on two areas: coatings for

interface control and high temperature mechanical testing. There are two key

issues involved in the selection of fiber coatings. The first is the effect

of the coating on both the interfacial bond between the fiber and the matrix
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as well as the frictional stress needed to draw the fiber from the matrix

once the initial bond is broken. There is clearly an optimum value needed

for both parameters in order to achieve high strength as well as damage

tolerance. The second issue involves the stability of the fiber/matrix

interface at elevated temperatures. The coatings will be characterized

using standard electron and optical microscopy techniques as well as via

scanning Auger and other appropriate surface analytical techniques. The

fiber/matrix interfaces will be characterized using the single fiber pull-

out test as well instrumented indenter techniques, both before and after

exposure to high temperatures.

To the extent that experimental data is or can be made available,

comparison of the predictions for microcracking stresses using the

information from the single fiber tests will be made with tensile test data

on composites of these materials. Efforts will be initiated to resolve any

discrepancies which are noticed.
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Figure 6. Typical force-displacement curves observed in soda- lime-silica/SiC
system
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Figure 7. Plot of maximum pull-out force versus embedded length for soda-
lime-silica/SiC system. Debond force is based on the maximum load
observed during the test; frictional force is based on a lower load
for which only frictional forces are operating on the interface.
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Figure 8. Stability of frictional stress during pull-out test
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ABSTRACT

Single fiber pull-out tests can be used to directly measure the fiber -matrix
ir.terfacial shear stress in glass matrix composites. The system under
investigation consisted of a soda- lime-silica glass matrix containing SiC
monofilaments with a carbon-rich surface. The presence of the carbon-rich
i.ayer on the surface of these fibers makes them non-wetting to most glasses;
hence the fibers are held in the matrix only by frictional forces acting at
the interface. The mechanical gripping responsible for this force can be
changed by manipulating the glass matrix/fiber thermal expansion coefficient
mismatch. Frictional stresses (r) and friction coefficients (m) obtained for
SiC monofilaments in a soda- lime-silica glass matrix were compared with
previously obtained data on a borosilicate glass matrix (r = 2-3 MPa, = 0.72
t 0.36). For the soda- lime-silica system, r's of 4-20 MPa and n of 0.10 ±

0.

03 were obtained. r in the soda-lime-silica system is higher due to the
larger difference in thermal expansion mismatch between the fiber and matrix.
The differences in ti may be due Co lubrication effects caused by water at the
fiber-matrix interface.

1.

NTRODUCTION

Strengths of fiber-matrix interfaces have been measured by several different
techniques, but single fiber pull-out tests give the most direct measure of
the interface strength [1-3]. Depending on the nature of the interaction
(chemical and/or mechanical) between the fiber and the matrix, a single fiber
pull-out test gives information about both the debonding and pull-out proces-
ses occurring in composites. However, single fiber pull-out tests have been
used for glass matrix systems only recently [4-6].

The stress analysis of the test is based on the shear-lag theory of Cox [7],
as modified by Greszczuk [8] and Lawrence [9] for elastically loaded brittle
matrices. A good review of recent developments in this area is given by Gray
[10]. In the absence of a chemical bond across the interface, or if an
existing bond is broken, the resistance to fiber pull-out is mainly from
interfacial frictional stresses, r. If the matrix shrinks more than the fiber
(due to thermal expansion), a residual compressive stress acting at the
interface is produced, which depends on the elastic properties of the fiber
and matrix, Che difference in thermal expansion between the fiber and matrix,
and Che temperature difference between the glass strain point (Tj ) and room
temperature (T^^). When > <»sic> ^ larger thermal expansion coefficient
difference should lead to a larger compressive stress, and thus to a higher
resistance to pull-out. To confirm this hypothesis, experimental data were
collected on a soda- lime-silica glass/SiC fiber system for comparison with
data [4] on a borosilicate glass/SiC fiber system.

BACKGROUND

In a previous study [4] of a borosilicate glass/SiC monofilament system, a

simple model was used where r was estimated as Che maximum pull-out force
divided by Che contact area. The contact area was taken to be 2mrL. where r

is Che fiber radius and L is the initial embedded length. This value of r Is

probably related to the debonding of the fiber from the matrix. This model is

inaccurate since it does not account for Poisson contraction of the fiber
radius as a result of the tensile pull-out force nor does it account for shear

M«l Rt( Soc Sfmp Proc Vo4 120 ' 1911 fociaty
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stresses occurring where the fiber emerges from between the glass places. This
latter effect is assumed cn be a fixed quantity which cannot yet be accounted
for. In the present paper, we have used the model of Takaku and Arridge [11],
which Cakes into account the effect of Poisson's contraction. Their
expression for the axial stress acting on the fiber is:

C7j = aoA [1 - exp(-2pkL/r) ] (1)

where is the normal compressive stress acting at the interface in the

unstressed material, k is a constant determined by the elastic properties of
the fiber and matrix [= E„i/{ /Ef ( l+i/^ ) ; E is Young's modulus, v is Poisson's
ratio], and n is Che friction coefficient. By measuring a,.&s a function of
embedded length, in principle ue can obtain values for Oq and As
demonstrated in reference 4, however, due to scatter in the data for o^, a

reliable value for could not be obtained in this way. We therefore
determined Oq using the expression of Vedula et. al. [12] for the residual
stress developed in a composite due Co anisotropic thermal expansion of fiber
and matrix;

‘'o
* °tt = (‘'i (2)

where and Oj constants, Aoj and Aa, are the differences in thermal
expansion coefficients between Che fiber and matrix in Che longitudinal and
radial directions, respectively, and AT is the cooling range viz. T^^-T,

.

EXPERIHENTAL PROCEDURE

Soda-lime-silica glass has a thermal expansion coefficient of 82 x 10* ’/’C
compared Co 32 x 10* ^/‘C for borosilicace glass. The SiC monofilament
longitudinal expansion is 26 x 10* ^/*C, while the radial expansion is 25.3 x
lO'V'C [6], Samples were fabricated by sandwiching SiC monofilaments*
between soda-lime-sillca glass plates* and heating under dead weight loading
corresponding to 14-21 KPa pressure as shown in Figure 1. Molybdenum sheets
were placed between the dead weight and the glass plates to prevent adhesion
during fabrication. The entire assembly was immersed in graphite powder Co
prevent oxidation of Che fibers. Industrial grade argon was kept flowing
through Che furnace. The samples were held at temperature (725-760*C) for
different times (30-90 min) to obtain good flow of Che glass around Che
monofilament. A schematic of the finished samples is shown in Figure 1.

Different embedded lengths were obtained by varying the length of the
monofilament between Che plates. Individual samples were loaded in uniaxial
tension on a universal test machine*. The samples were gripped using swivel
hooks attached Co ball joints to facilitate alignment of the fiber with the
stress axis. Samples were pulled at a rate of 0.05 cm/min. The embedded
length was determined from the force-displacement curves (Figure 2) since
accurate optical measurements could not be made due to uncertainty in where
Che monofilament emerged from between the glass plates.

SCS-6 Sic monofilaments, AVCO Corp., Lowell, MA. Trade names and
companies are identified in order Co adequately specify the materials used.
In no case does such identification imply Chat the products are necessarily
the best available for the purpose.

* Fisher Brand, Fisher Scientific, Pittsburgh, PA.

* InsCron Corp., Canton, MA.
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displacement curve.
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RESULTS AND DISCUSSION

Two types of force -displacement curve were observed in the soda- 1 irae - s i 1 ica

glass/SiC fiber system as showri in Figure 3. In both cases, “he load increased
linearly with displacement until the fiber debonded from the matrix. In Che

first case, there was a sharp drop in load, followed by pull-out of the fiber.
In the second case, the load decreased gradually from the maximum while the
fiber pulled out. The incidence of "stich-slip" behavior during pull-out was
much less frequent than in the borosilicate glass/SiC system [4], suggesting
the presence of a lubricating layer between the fiber and the soda- lime-silica
matrix.

The maximum force required to initiate pull-out of the fiber is plotted vs
embedded length in Figure A. Although there is considerable scatter in Che
data, it can be seen that Che pull-out force increases with increasing
embedded length as long as the fiber strength is not exceeded. Some of the
scatter may be due to non-uniform flow of glass around the fiber, leading to

an air gap at the interface, and therefore reduced contact area and pull-out
force. Also plotted in Figure A are the loads at which only frictional forces
are acting on the interface. The difference between the maximum load and this

frictional load is not constant. To confirm that the first load drop is due
to debonding, several samples were unloaded following the initial load drop,
then reloaded. Upon reloading, pull-out was observed at the same load where
unloading had occurred, showing that the fiber-matrix bonds were in fact
broken initially and that only frictional stress was operating at the
interface. Occasionally, after reloading, a very small load drop was observed
which is attributable to the difference between the static and dynamic
coefficients of friction. The stability of r during pull-out over a wide
range of instantaneous embedded length is demonstrated in Figure 5.

Table 1 shows r calculated from Equation 1 for both the soda-lime-silica and
borosilicate glass systems. The large standard deviation for the soda- lime-
silica system is believed to be due to variations in processing conditions.
After making appropriate substitutions in Equation 2 for , Ao, , AT, , and
Cj (see Table 1). the frictional stress, Oj , for the soda- lime-sillca/SiC
system is estimated to be about 150 MPa. Similar calculations for
borosilicate glass/SiC give a value for Oj of about 16 MPa. By substituting
values for Oj in Equation 1. the friction coefficient, n, can be obtained.
For the soda-lime-silica system, p was calculated to be 0.10 ± 0.03; for the
borosilicate system, p is 0.72 ± 0.36. The frictional stress acting at the

interface may now be calculated as the product of p and . where = CTq -

kUf , (7j being the axial stress corresponding to the frictional force and kPj

representing the reduction in c7„ due to Poisson's contraction. For the soda-
lime-silica system, r was calculated to range from A-20 MPa while for the
borosilicate system, it was in the range from 2-3 MPa.

SUM.MARY

(1) Single fiber pull-out tests were used successfully to evaluate the
frictional shear stress in glass matrix composites.

(2) For soda- lime-silica glass/SlC monofilament, r of A-20 MPa and p of 0.10
± 0.03 were obtained. These values may be significantly affected by the

glass/fiber/air surface stress discontinuity.

(3) Compared to borosilicate glass system, the frictional stresses in the

soda- lime-silica system are higher due to the higher normal compressive stress
at the fiber-matrix interface. These higher stresses are the result of the

larger difference in thermal expansion coefficients between the soda-llme-
sllica glass and SIC fiber than between the borosilicate glass and SiC fiber.
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Figure 3. Typical force-time curves observed in soda-lime-silica/SCS-6
system.

FHcUoil

Dtbcadlag Fore*

Figure U. Plot of maximum pull-out force vs embedded length for soda-lime-
silica glass/SiC monofilament. Debond force is based on the
maximum load observed during the test; frictional force is based
on a lower load for which only frictional forces are operating on
the interface.

Figure 5. Plot of frictional stress throughout a single pull-out tost as a

function of instantaneous embedded length.
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Table 1

Frictional Shear Stress and Friction Coefficients
Calculated from Equation 1

(Numbers in parenthesis represent number of samples averaged)

(atrix Material Borosilicate Glass Soda - Li me - S i I ica Glass

(x 10®/*C) 0.6 5.6

ia. (x lOVC) 0.67 5.67

AT CO 495 440

Cj (GPa) 6.6 7.5

cj (GPa) 47.0 52.7

Co (MPa) 16.2 153.8

M 0.72 ± 0.36 (9) 0.10 ± 0.03 (27)

r (MPa) 3.6 ± 0.7 (9) 13.9 ± 4.1 (27)

(4) The low friction coefficients obtained in the soda*lime-silica system
suggest Che presence of a lubricating layer between the fiber and the matrix,
perhaps due to processing.
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ABSTRACT: In this study, several experimental methods including indentation

push-in, indentation push-out, and single fiber pull-out tests were employed

to measure the strength of the fiber/matrix bond in two continuous fiber

reinforced ceramic matrix composites. The composite systems examined were a

SiC monofilament reinforced borosllicate glass matrix and a SiC fiber tow

reinforced glass-ceramic matrix. Single fiber pull-out test results gave

debond strengths of 11.1 ± 3.2 MPa and interface frictional stresses ( t ^)

of 3.6 ± 0.7 MPa for the SiC/borosilicate system. In the push-out test,

for the SiC/borosilicate system appears to be about 10 MPa while r's between 1

and 55 MPa were obtained in the SiC/glass-ceramic composite. The push- in test

gave values of between 2 and 34 MPa for the SiC/glass-ceramic system.

Variability in r within a specimen is due to differences in bonding between

the fibers and matrix at various locations. The discrepancies in r both

within a test and between test methods are explained in terms of fiber/matrix

bonding and test geometry. The most versatile test method appears to be the

indentation push-out test.

Key Words: glass-ceramic composites, glass composites, mechanical properties,

fiber/matrix interfaciai strength, indentation push-in, indentation push-out,

fiber pull-out
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INTRODUCTION

The strength of the fiber-matrix interface is one of the key parameters

responsible for the stress -strain behavior and damage tolerance of ceramic

composites. These interfacial strengths (r) have been measured by several

different techniques [1-6] including indentation push-in, indentation push-

out, and single fiber pull-out. The interfacial strength which can be

measured is one of two types: debond and frictional (tj). The debond

strength is related to the degree of chemical bonding between the fiber and

the matrix, while the frictional stress relates to the slippage of the fiber

in the matrix. The purpose of this paper is to compare these methods for

obtaining and
,
both in terms of the ease of use and the consistency and

reproducibility of the numbers obtained from each technique.

As will be shown in more detail in the Background Section, no one

material lends itself to testing using all three methods, and no single test

method provides all of the information desired on interfacial mechanical

properties. The reasons for this are as follows. In a single fiber pull-out

test, the combination of a small fiber diameter (10-20 /zm) for materials such

as Nicalon SiC^
,
high temperature (>700°C) processing required to obtain an

acceptable sample geometry, and handling to set up each experiment makes it

difficult at best to perform the test on a large enough number of samples. In

the indentation push- in test, the large monofilaments tend to crush rather

than slide, thus obliterating the indentation impressions and yielding

inaccurate displacement measurements. To date, no work has been published

regarding the use of the indentation push-out test on layered fibers such as

^ Nicalon SiC, Nippon Carbon Co., Ltd., Tokyo, Japan. Trade names and
companies are identified in order to adequately specify the materials and
equipment used. In no case does such identification imply that the products
are necessarily the best available for the purpose.
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SiC deposited on C or W cores. In view of these problems, two model composite

systems were chosen which were amenable to measurements by more than one

technique. The model systems examined include a borosilicate glass matrix

reinforced by SiC monofilaments^ and a lithium aluminosilicate glass -ceramic

matrix reinforced by SiC fibers^ . The borosilicate glass system was tested

using the pull-out and indentation push-out techniques, while the glass-

ceramic system was tested using the two indentation techniques.

BACKGROUND

Single Fiber Pull-out

Single fiber pull-out tests give the most direct measure of the interface

strength [6-11], but the tests performed to date have only been conducted on

monofilaments. Depending on the nature of the interaction (chemical and/or

mechanical) between the fiber and the matrix, the single fiber pull-out test

gives information about both the debonding and frictional processes occurring

in composites. However, single fiber pull-out tests have been used for glass

matrix systems only recently [6,10,11].

In a previous study [10] of a SiC/borosilicate glass monofilament

system, was determined as 5 - 6.5 MPa. A simple model based on a shear-lag

analysis was used where r was estimated as the pull-out force divided by the

contact area. This model is inaccurate since it does not account for

differential Poisson contractions of the fiber and matrix as a result of the

tensile pull-out force nor does it account for surface stress concentrations

occurring where the fiber emerges from between the glass plates. In a

^ SCS-6, Textron Specialty Materials, Lowell, MA.

^ Nicalon SiC/LAS-III, United Technologies Research Center, East
Hartford, CT.
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subsequent paper [5], Poisson contraction was taken into account, and was

determined to be on the order of 3.5 MPa, a decrease of 30-45% compared to

that calculated using the simple analysis. In this same paper, was

determined to be 11 MPa.

An alternate analysis [6], also based on the shear lag theory, yields

T^'s between 15 and 30 MPa, depending on the exact glass composition. This

analysis assumes the presence of a residual stress in the fiber due to thermal

expansion mismatch between the fiber and the matrix. Evaluation of the

interfacial frictional stress is thus broken into two components: one a

residual stress-free bonding term (tq), the other the contribution due to

residual stresses
'''o

should vary with fiber surface chemistry, while

1
^0^^ should vary with processing conditions, sample geometry, and matrix

composition. The values of obtained in reference 6 are significantly

higher than obtained using the previous analyses. At present, there is

insufficient basis, either experimental or theoretical, on which to choose one

model over the other.

Indentation Tests

Indentation testing to determine was first initiated by Marshall [1].

Fiber/matrix frictional stresses of 2.5 ± 0.9 MPa were measured for a SiC-

reinforced glass-ceramic^
,
but the method requires precise measurement of very

small indentation sizes, potentially a significant source of error. The

analysis assumes that the elastic depression of the matrix adjacent to the

indented fiber, the stress field of the indent and the surface stress

concentrations, as well as changes in fiber diameter due to Poisson's

expansion can be neglected. For the analysis to be valid, the specimen

thickness must be large compared to the diameter of the fiber. The analysis
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also does not account for non-orthogonal loading of the fiber or

misorientation of the fiber from a direction parallel to the applied force.

Additional studies by Marshall and Oliver [3] refined the method by using a

pyramidal indenter at ultralow loads (< 0.12 N) . In this method, the indenter

is instrumented to provide independent determinations of force applied to the

fiber and displacement of the fiber in the matrix. The revised method permits

examination of both debonding and frictional sliding in a SiC/glass -ceramic

composite. Values of on the order of 3.5 MPa were obtained on this

material, in good agreement with the initial measurements using the Vickers

diamond. One particular aspect of this method which limits its use is the

special apparatus required to apply very small loads, although efforts are

currently being made to expand the load range which can be applied [19].

While most of the work on the indentation push- in test has been conducted

using a standard Vickers diamond geometry, Mandell et al [2] have shown that

the shape of the indenting diamond can be changed to increase the amount of

sliding which can be observed.

While the typical indentation push- in test uses the Vickers diamond to

push the fiber into the matrix, the indentation push-out test uses the diamond

to push the fiber through the matrix. The push-out test requires the use of

thinner specimens (< 2-3 mm) than the push-in test. The basic assumptions in

the analysis of the push-out test are the same as for the push- in test and

also neglects stress concentrations at the bottom surface where the fiber

emerges during the test. In the push-out test, three regimes are envisioned:

an initial region in which the diamond is in contact with the fiber only and

the sliding length is less than the thickness of the sample, a plateau region

in which the sliding length is greater than or equal to the thickness of the

sample, and a final region in which the diamond makes contact with and deforms
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the matrix. These regimes are shown schematically in Figure 1. In principle,

the initial regime also represents the behavior of the push- in test; however,

the assumption that specimen thickness is much greater than the fiber diameter

is not valid if the thickness is too small. In addition, the surface stress

concentrations will play a larger role than in thicker samples. In the

initial regime, r is determined from the slope (m) of a plot of the force on

the fiber squared (F^) versus displacement (5):

r = m/47r2R3Ef (1)

where R is the radius of the fiber and is the elastic modulus of the fiber.

In the plateau region of the curve, r is determined from the force at which

the plateau occurs;

r = F/27rRt (2)

where t is the thickness of the specimen. In the last regime, where the

diamond is in contact with the matrix, r cannot be determined. Which value of

r (debond or frictional) is measured in the plateau region depends on whether

or not there is a chemical bond between the fiber and matrix and what geometry

indenter is being used. In the typical geometry using a standard Vickers

diamond, when the fiber debonds, the frictional stress is also exceeded and

the fiber slips until either contact with the surrounding matrix occurs or

until friction slows the fiber displacement to a value expected from

frictional stresses alone. If no debonding must occur, then only slippage due

to friction is present.

For large monofilaments such as the SCS-6 SiC, where the SiC is deposited

on a carbon core, two plateaus are expected. The first occurs when the carbon

core (33 jim diameter) slips in the SiC; the second when the SiC fiber (about

140 /im diameter) slips in the matrix. The fiber displacements at which each

of these events takes place can be calculated from the geometry of the
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Vickers diamond. The diamond should make contact with the SiC at a

displacement of about 5 nm, and it should contact the matrix at a displacement

of 20 ;um. Thus a plateau occuring prior to 5 /xm can be attributed to the

slippage of the carbon core, and one occuring prior to 20 /xm can be attributed

to slippage of the SiC. Whether one plateau or two plateaus occur depends on

the debond strength of the interfaces between the core and SiC, and between

the SiC and the surrounding matrix.

EXPERIMENTAL PROCEDURE

Single fiber pull-out samples were fabricated by sandwiching SiC

monofilaments between borosilicate glass plates and heating under dead weight

loading corresponding to 14-21 KPa pressure. Molybdenum sheets were placed

between the dead weight and the glass plates to prevent adhesion during

fabrication. The entire assembly was immersed in graphite powder to prevent

oxidation of the fibers. Industrial grade argon was kept flowing through the

furnace. The samples were held at 760°C for 60 min to obtain good flow of the

glass around the monofilament. A schematic of the finished samples is shown

in Figure 2. Different embedded lengths were obtained by varying the length

of the monofilament between the plates. Individual samples were loaded in

uniaxial tension on a screw-driven universal test machine^ . The samples were

gripped using swivel hooks attached to ball joints to facilitate alignment of

the fiber with the stress axis. Samples were pulled at a rate of 0.05 cm/min.

The embedded length was determined from the force-displacement curves (Figure

3) ,
since accurate optical measurements prior to testing could not be made due

to uncertainty in where the monofilament emerged from between the glass

plates

.

^ Instron Corp., Canton, MA.
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The materials for the indentation tests were either obtained from

commercial sources (glass-ceramic, see footnote 2) or made by hot pressing a

sample of SiC/borosilicate glass at 800°C for 30 minutes at about 14 KPa. The

indentation tests were performed using an instrumented indenter, allowing for

independent determinations of force and displacement. A schematic of the test

apparatus is shown in Figure 4. Displacement was determined using a pair of

capacitance probes; the change in capacitance in a probe varies as it

approaches a fixed target. Targets were fixed with respect to the specimen

surface, and each probe was initially calibrated using a laser interferometer.

Specimens for indentation included 1 mm and 2 mm thick multifilament

SiC/glass-ceramic and 0.3 mm thick monofilament SiC/borosilicate glass. The

samples were at least partially flat and polished so that the capacitance

probes did not have to be adjusted frequently. A 50 g load was used for the

SiC/glass-ceramic material, and the loads ranged from 130 to 150 g for the

SiC/borosilicate material. Based on the debond strength of the SiC/glass, as

determined from the single fiber pull-out test (9 MPa), loads < 140 g should

exhibit a single plateau of the core slipping in the SiC while loads > 140 g

should exhibit both plateaus.

ElESULTS AND DISCUSSION

As noted above, which value of t is measured depends on the test method

employed as well as the material being tested. It is expected that the single

fiber pull-out test will provide information on both debonding strength and

frictional stresses, while the push-in test will measure frictional stresses

only. The push-out test could measure either or both debond strength or

frictional stress, depending on the material and the indenter geometry.
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Two types of force-displacement curve were observed in the SiC

monofilament/borosilicate glass system as shown in Figure 5. In both cases,

the load increased linearly with displacement until the fiber debonded from

the matrix. In the first case, there was a sharp drop in load, followed by

pull-out of the fiber. In the second case, the load decreased gradually from

the maximum while the fiber pulled out. The two types of curves may indicate

two types of interface failure. A sudden drop indicates catastrophic failure

of the entire interface whereas the smoother curve indicates a more gradual,

incremental failure of the interface.

The maximum force required to initiate pull-out of the fiber vs embedded

length is plotted in Figure 6. Although there is considerable scatter in the

data, it can be seen that the pull-out force increases with increasing

embedded length as long as the fiber strength is not exceeded. Some of the

scatter may be due to non-uniform flow of glass around the fiber during hot

pressing, leading to an air gap at the interface, and therefore reduced

contact area and pull-out force. Also plotted in Figure 6 are the loads at

which only frictional forces are acting on the interface. The difference

between the maximum load and the frictional load is not constant. To confirm

that the first load drop is due to debonding, several samples were unloaded

following the initial load drop, then reloaded. Upon reloading, pull-out was

observed at the same load where unloading had occurred, showing that the

fiber-matrix bonds were in fact broken initially and that only frictional

stresses were operating at the interface. Occasionally, after reloading, a

very small load drop was observed which is attributable to the difference

between the static and dynamic coefficients of friction. The stability of t

during pull-out over a wide range of instantaneous embedded length is demon-

strated in Figure 7

.

43 )



The values of measured using the single fiber pull-out test for the

SiC/borosilicate system are lower than those obtained by Goettler and Faber

[6] (12.5 MPa), but, as noted in the Background Section, the analytical

methods were different, as were the specimen fabrication procedures. When the

data of Deshmukh and Coyle [4] for SiC reinforced borosilicate glass are

examined using the analysis of Equation 4, a value of of 22 MPa is

obtained. When the expected residual stresses are taken into account

(Equations 5a and 5b)
,

a value of Tq between 7 and 18 MPa is found, depending

on the choice of friction coeffient (0.2 vs 0.72). A friction coefficient of

0.72 is the value taken from reference 4, while /i = 0 . 2 is that determined in

reference 6. Both values of Tq are in good agreement with the result of

Goettler and Faber for the same nominal composition matrix.

For the SiC/borosilicate glass system, the push-out test shows either one

or two plateaus (Figure 8). As described above, based on the debond strength

of SiC/glass, loads < 140 g should exhibit a single plateau while those > 140

g should exhibit two plateaus. The first case is shown in Figure 8a. The

force at the plateau gives a value of of 38 MPa for the core slipping

through the SiC. The second case is shown in Figure 8b, where the force at

the first plateau gives a value of r of 36 MPa for the core slipping in SiC

and the force at the second plateau gives a value of r of 10 MPa for the SiC

slipping in the matrix. Tests on additional fibers gave an average value of r

of 30 ± 9 MPa for the core in SiC. The value of r for SiC in the matrix is in

reasonable agreement with obtained from the single fiber pull-out test.

These results are based on a fairly small number of fibers and additional

verification is required to more firmly establish these values. In addition

to more data, precise measurements of the indentations need to be made and

Marshall's analysis applied to the data to confirm that the two methods agree.
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Examination of the SiC/glass -ceramic system shows that r is dependent on

the investigator as well as the technique. The indentation push- in results

yield r's varying from 1 to 10 MPa, depending on the investigator [1,3-5,10]

and from 1 to 100 MPa, depending on the heat treatment [4] . The discrepancy

in heat treated materials is due to differences in the fiber-matrix interface

bonding with some fibers being more tightly bound than others. This would

lead to differences in both debond strength and frictional pull-out. The

discrepancy in various untreated materials is due to both differences in the

fiber-matrix bond and fiber misorientation with respect to the applied force.

In a sample which is 2 mm in thickness, the indentation test was either

of the push- in or push-out type. Typical results are shown in Figure 9. In

Figure 9a, a push- in type is shown while Figure 9b shows a push-out result.

In both cases, however, r is on the order of 1-6 MPa for this system, leading

to the conclusion that this r is due to frictional effects. Values of r as

high as 55 MPa were also observed, leading to the supposition that there are

differences in the bonding between fiber and matrix at different locations in

the specimen. The indentation push-out test results are more difficult to

obtain because of the need to use flat and polished samples. Based on a

number of measurements, however, the indentation push-out results are more

reproducible than are the indentation push- in results. For this thickness

sample, it is apparent that the assumptions for both types of test are met.

For thinner samples, the assumption that the thickness » fiber diameter may

be violated, thus determined from the plateau region of the push-out test

may not agree with that obtained in the initial region where push- in is

assumed to take place. The analysis of the push-out test in the plateau

region is simpler than that required for the push- in test and is not affected
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by the assumptions regarding elastic interactions after the force is released

and what happens below the slip region during testing.

CONCLUSIONS

Each of the test methods discussed in this paper has advantages and

disadvantages. The single fiber pull-out test provides the most direct method

of determining the interfacial strengths, both debonding and frictional, but

at present can only be used effectively for large fiber diameters, primarily

due to specimen handling considerations. The indentation tests use a minimal

amount of material and can be performed on samples containing either large

monofilaments or small diameter multifilament tows but provide information on

only Tf (push- in) or or (push-out), depending on indenter geometry and

material characteristics. It is possible that the push-out test can be

performed at slower loading rates and with a different indenter geometry, thus

allowing for separation of the debonding strength from the interfacial

friction stress in the force^ -displacement curve The preparation of

indentation push-out samples is more difficult than for indentation push- in

samples but the analysis is simpler and the results appear to be more

reproducible. While there are some discrepancies yet to be resolved,

interfacial strengths determined using different test methods agree well with

one another as do debond strengths determined using different methods.

Based on the ability to measure both debond strength and interfacial

frictional stress, and the need to use a minimal amount of material, the

indentation push-out test appears to be the most desirable one to use.
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Table 1

Frictional Shear Stress for Two Composite Systems

Tf in MPa

(Numbers in parenthesis represent number of samples averaged)

Techniaue Reference Nicalon/LAS III SCS-6/Borosilicate

Single Fiber Pull-Out

Poisson's Contraction 5 - 3.6 ± 0.7 (9)

Residual Stress 6 - 15 - 28

Residual Stress-Free 6 - 12.5

Simple Analysis 10 - 5 - 6.5

Simple Analysis This study - 5.6 ± 2.7 (8)

Indentation Push- In

Vickers Diamond 1 2.5 ± 0.9 (10) -

Nanoindenter 3 3.5 -

Rapid Loading 3 2.1 ± 1.5 (70) -

Vickers Diamond 4 1 - 100 -

Instrumented Indenter This study 1 - 55 -

Indentation Push-Out

Instrumented Indenter This study 2 - 34 9 - 10
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Force
Squared
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Figure 1

.

Schematic of force squared/displacement for indentation push-out
test
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DEADWEIGHT

GLASS PIECES

Figure 2. Schematic of the sample -making mold assembly and individual sa P -I. 0 ,
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FORCE

Figure 3. Measurement of pull-out and initial embedded length from a force-
displacement curve.

( 52 )



Vickers Diamond

Capacitive

Extensometer

Composite Specimen

Strain-gage Load Cell

Figure 4. Schematic of indentation apparatus.
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Figure 5. Typical force-time curves observed in SiC monofilament/borosiiicate

system

.
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Frk Force

Debond Force

Figure 6. Plot of maximum puii-out force vs embedded length for
SiC monofilament/borosilicate glass. Debond force is based on
the maximum load observed during the test; frictional force is

based on a lower load for which only frictional forces are
operating on the interface.
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Figure 7 Plot of frictional stress throughout a single pull-out test as afunction of instantaneous enibedded length.
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Figure 8. Results of indentation of SiC monofilament in borosilicate glass
matrix.
a. Indentation load = 130 grams.
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A Perspective on Fiber Coating Technology

David C. Cranmer

Ceramics Division

National Bureau of Standards

Gaithersburg, MD 20899

A variety of techniques exist for depositing coatings on ceramic and car-

bon fibers. This paper reviews several of these techniques and their advan-

tages and disadvantages and points out several deficiencies in uniformly

and reproducibly coating the fibers.

Introduction

In examining the key issues involved in developing high quality, tough ceramic

matrix composites, one of the most important involves the chemistry and proper-

ties of the fiber-matrix interface. Determining appropriate interface composition

and properties requires knowledge of the thermodynamics tmd kinetics of the overall

composite (fiber-interface-matrix) system. Once an appropriate composition has

been determined, appropriate toughening mechanisms can be explored.^'* Both car-

bon and BN surfaces on SiC fibers have been shown to provide toughening behavior

in some cases, but it is unlikely that either is appropriate for extended use (> 10

hrs) at elevated temperatures (>1000°C) in an oxidizing environment.

The fiber-matrix interfacial region can be modified in several ways,^'* but

because of their versatility, only coating techniques will be considered for inter-

face control. Many techniques exist for putting coatings on ceramic, carbon, and

metal substrates. These methods have been reviewed in detail,’ but when fibers

are the substrate, most of the more common methods cannot be used. The basic

problem is that many coating methods rely on a line-of-sight between the source

material and the substrate, which is not possible for uniformly coating fibers and

fiber tows. Given the difficulties inherent in line-of-sight techniques, they will not

be discussed further.

The most commonly used techniques for coating fibers are chemical vapor

deposition (CVD), metal-organic precursor deposition, and polymer precursor

deposition.®-’ Additional techniques such as electroless plating’® and

eletrodeposition” can also be used. Each technique has distinct advantages and

disadvantages, which will be discussed below.

Chemical Vapor Deposition

CVD is a vapor transport technique wherein a chemical reaction occurs and

the product is deposited on a substrate. There are three types of deposition, two

limited by gas diffusion (either of reactants in or products out) and one limited

by the reaction rate of the gases to form the deposit. The dominant process is deter-

mined by the partial pressure of the reactants and gaseous products, the chemical

reactions, and the temperature of the reactor. For coatings, it is preferable to be

gas-diffusion limited rather than reaction-rate limited. If the gases react to form

the product before reaching the surface as occurs in the reaction-rate limited regime.
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the panicles produced may not adhere to the fiber or may clump on the surface.

CVD is the most common method currently used for producing coatings on

fibers. It uses a fairly simple apparatus (Fig. 1) but requires cleaning of the ex-

haust gases. A large number of compositions can be deposited with this techni-

que.'^ The coating thickness can range from nanometers to several micrometers,

depending on the length of the furnace and/or the number of CVD cycles to which

the fibers are exposed. A distinct advantage of the technology is that the fiber

coatings can be deposited on a continuous basis, allowing it to be combined w'ith

other composite fabrication techniques such as filament winding.

The uniformity of the coating is determined by the ability of the reactant gases

to reach the fiber surfaces and the temperature at which the reaction is gas-diffusion

limited. The CVD process is a slow one, but methods such as multiple cyclings

of the fiber through the deposition chamber can be envisioned which may speed

the overall coating process.

Metal-Organic Precursor

The metal-organic precursor (or sol-gel) process typically uses an alkoxide

or mixture of alkoxides dissolved in a solvent which coats the fibers and then is

made to undergo a chemical reaction to form the final product. The basic tech-

nique (Fig. 2) involves drawing the fiber or tow through a bath of the appropriate

alkoxide(s), followed by hydrolysis or ammonialysis of the solution to convert the

alkoxide to the oxide or nitride, followed by higher temperature treatments to

pyrolyze/vaporize any remaining organic materials. Most of the coatings which

have been produced to date are simple oxides.

Experience with this technique has shown that single layers of about 150 nm
can be produced repeatedly. The compKJsitional limits imposed on this process

come from the available starting chemicals and the reactions to form the products.

The chemistry of these systems can be straightforward as in the case of Si02 where

Si(0C2Hj)4+2H20-A- Si02+4C2Hj0H (g) (1)

and

Si(0CjHj)4-heat-Si02-b2C2H50H (g)+2C2H4 (g) (2)

In more complicated multicomponent systems, different constituents may react or

precipitate at different times, leading to inhomogeneities in composition or

nonuniform thickness.

For thicker coatings (>2(X) nm), multiple dippings of the fibers are required. “*

While this is a disadvantage for coatings of the same composition, it is very easy

to obtain a graded composition coating using this technique. Like the CVD pro-

cess, this technique can be used to continuously apply the coating to the fibers.

Polymer Precursors

In concept, this technique is almost identical to the metal-organic precursor

technique described above. The difference is that a polymer or oligoimer in an

appropriate solvent is used (not an alkoxide), and the coated fiber is pyrolyzed

to form the ceramic. The apparatus is virtually identical to that shown in Fig. 2

except that the hydrolyzing furnace is removed from the system. The coating com-

position depends on the specific polymer precursor. This technique has been used

to make carbon coatings from pitch precursors’’ and SiC coatings '‘rom pilycar-

bosilane.’ Other coatings which can be made by this technique will depend on the
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availability of polymer precursors. This method also lends itself to being a

continuous process.

Electroless Plating and Electrodeposition

Electroless plating'° and electrodeposition" provide methods for applying

metallic coatings. They require a conductive fiber surface for deposition to take

place, which can be achieved for some fibers but not for most of those available.

They are relatively slow processes and require some clever engineering to make
into continuous processes due to the need of a surface charge. Done properly, they

provide a uniform coating of metal but their utility for coating multifilament tows

is unclear since the effects of interacting surface charges are not known at this point.

Summary
The descriptions and discussions given above show that each of the coating

techniques can be used to provide useful materials within certain limits. Almost
. any desired composition can be applied to a useful thickness using one or more
- of the techniques. What is still required to design coating systems is a better defini-

r„ tion of the coating’s purpose (diffusion barrier, reaction inhibitor, or something

J; else), knowledge of the thermodynamics/kinetics of the overall system, as well

f:'
as methods of coating characterization.
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Reactant Exhaust

Initial Fiber Furnace Take-Up

Spool Reel

Fig. 1. Schematic of chemical vapor deposition apparatus for fiber coating.

Sizing Hydrolysis Drying

Spool Reel

Fig. 2. Schematic of metal-organic precursor apparatus for fiber coating.
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Fiber Coating and Characterization

DAVID C. CRANMER*
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I

n examining the key issues involved in

developing high-quality, damage-toler-

ant ceramic-matrix composites, one of the

most important areas involves the chem-

istry and properties of the fiber-matrix

interface. Determining appropriate inter-

face compositions and properties requires

knowledge of the thermodynamics and ki-

netics of the overall composite (fiber-

interface-matrix) system. In particular,

the reactions that will occur to give the

desired interface and the competing re-

actions that will impede or prevent the

acquisition of the desired interface must

be known, as well as how fast each of the

reactions occurs. The thermodynamics

describes in large part whether the nec-

essary interface can be obtained whereas

the kinetics provides an indication of the

required processing time and tempera-

ture. In addition, the thermodynamics and

kinetics provide some insight as to what
service environment (temperature and at-

mosphere) and duration of exposure the

composite will survive. Examples of the

use of the thermodynamics and kinetics

as aids to understanding composite fab-

rication and properties can be found in

the literature.'"^

When an appropriate composition has

been determined, it then remains to de-

termine whether the interfacial proper-

ties, especially the bond strength (me-

chanical or chemical), are suitable to

provide an appropriate toughening mech-
anism (e.g., fiber pullout). As has been

noted many times before,*"* an interfacial

bond that is too weak will result in a weak
material whereas a bond that is too strong

results in composites that will fail catas-

trophically. Both carbon and boron ni-

tride surfaces on SiC fibers have been

shown to meet the thermodynamic/ki-
netic criteria and provide the required

toughening behavior'-*"* at room tem-

perature and at somewhat elevated tem-

peratures. However, either coating is

probably not appropriate for extended use

(>10 h) at elevated temperatures
(> 1000‘’C) in an oxidizing environment.

The same can be said of most other ni-

tride- and carbide-coating compositions.

Controlling Interfacial Chemistry

The fiber-matrix interfacial region can
be modified in several ways including in

situ modification of the fiber surface to

"Member. nerican Ceramic Society.

yield a carbon-rich surface,* additions to

the matrix that segregate to the fiber sur-

face,*’ and coating of the fiber.*’ From

the standpoint of ease of fabrication, in

situ modification to form the appropriate

interface would be ideal. Unfortunately,

such modifications are typically nonuni-

form, can lead to an undesired interfacial

material, and can dramatically lower the

strength of the fibers.'"" Additionally, the

composition of the fiber itself may have

to be modified to provide the desired in-

terface material. Given the current state-

of-the-art in making such fibers, it is not

clear that such modifications can suc-

cessfully be incorporated into the fabri-

cation process. (For examples of the dif-

ficulties that can be encountered in fiber

fabrication, consult Refs. 8 to 12.) The
use of additives that will segregate to the

interface has been successfully demon-

strated,’ but relies on mass-transport pro-

cesses (e.g., diffusion) that may be slow,

or competing reactions may prevent the

additive from segregating uniformly at the

fiber surface.

The easiest, most versatile method for

controlling the chemistry of the interface

appears to be via the application of coat-

ings to the fiber or tow prior to lay-up and

fabrication of the composite. Assuming
that the issue of wAar coating to apply

has been resolved, a number of tech-

niques exist for putting a variety of coat-

ing compositions on ceramic, carbon, and

metal substrates.

These methods and their advantages and

disadvantages have been reviewed in de-

tail;" however, when fibers are the sub-

strate, most of the more common methods

cannot be used, especially when consid-

ering multifilament tows. The basic prob-

lem is that many coating methods rely on

a line-of-sight between the source mate-

rial and the substrate on which the ma-

terial is being deposited. For monofila-

ments, this line-of-sight deposition is

generally not available, unless multiple

sources are used. For multifilament tows,

even multiple sources do not solve the

problem because the individual fibers will

block one another from the source. Al-

though spreading of the tows may help,

the s;: reading-unspreading process may
damage the fibers, thus reducing their

ability to carry load in the composite.

Coating Techniques

The most commonly used techniques

for coating fibers" " are chemical vapor

deposition (CVD), sol-gel or organome-
t.nllic precursor deposition, and polymer

precursor deposition. Additional tech-

niques such as electrodeposition and elec-

troless plating'*'" or line-of-sight tech-

niques such as ion implantation or physical

vapor deposition can also be used. Each

of these techniques has distinct advan-

tages and disadvantages, which will be

discussed below. Also to be discussed are

the methods of characterizing the coat-

ings in terms of thickness, chemical com-

position, and properties.

Chemical Vapor Deposition

CVD is a technique that uses vapor

transport of gaseous components that react

and deposit the product(s) on a substrate.

There are generally three regimes of be-

havior: two are limited by gas diffusion

(either of reactants in or of products out),

and one is limited by the reaction rate of

the gases to form the deposit. The con-

trolling regime is determined by the par-

tial pressures and flow rates of the reac-

tants and gaseous products, the chemical

reactions, and the temperature of the CVD
reactor. For coatings, it is preferable to

be in either of the gas-diffusion-limited

regimes, not in the reaction-rate-limited

regime, for the following reason: if the

gases react to form the product before

reaching the surface (reaction-rate-limit-

ed regime), the particles produced may
not adhere to the fiber or may provide a

site at which clumps may form on the

surface, resulting in a nonuniform layer.

CVD is probably the most common
method currently used for producing

coatings on fibers. It uses a fairly simple

apparatus as shown in Fig. 1, but requires

the use of scrubbers or other methods to

clean the exhaust gases. A large number

of compositions including carbides, ni-

trides, and oxides can be deposited with

this meth td.'’ The coatings can be made
in thicknesses ranging from nanometers

to several micrometers, depending on the

length of the furnace and/or the number

of CVD cycle'i to which the fibers are

exposed.

A distinct advantage of the technology

is that the fiber coatings can be deposited

on a continuous basis, allowing them to

be combined with other composite fab-

rication techniques, such as filament

winding. Since the technique relies pri-

marily on gaseous transport, coating all

of the fibers in a tow is initially straight-

forward, provided that the deposition is

made in the gas-diffusion-limiied regim".

However, as the coating process contin-

ues, the coating layers can grow to thick-
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nesses at which gas transport into the tows

is constricted, resulting in nonuniformi-

ties in the final product. Taken to an ex-

treme, this process results in a composite

known as a chemically vapor infiltrated

(CVI) composite.^®-^^ Compositionally,

limits are imposed on the process by the

types of gases available and the complex

reaction chemistries that occur in the re-

actor.

The uniformity of the coating is deter-

mined by the ability of the reactant gases

to reach the fiber surface and the tem-

perature at which the reaction is gas-dif-

fusion limited, The process of getting the

reactant gases to the fiber surfaces is con-

trolled by reactant-gas partial pressure,

total reactor pressure, reactor geometry,

and fiber architecture. The latter is par-

ticularly important when dealing with a

twisted fiber tow. Such a tow must be

spread to expose individual fibers, but the

spreading process may introduce flaws in

the surface of the fiber, thus degrading

the final composite due to fiber degra-

dation rather than enhancing it due to the

properties of the coating.

The temperature at which the coating

is applied is critical. Temperature con-

trols both the thermodynamics and ki-

netics of the process. It must be main-

tained so that the reaction occurs on the

fiber, not in the gas phase, and with an

appropriate microstructure (grain size and

shape). Small changes in the temperature

(±25°C) may change the reaction and/

or its kinetics, resulting in an inferior

coating. An additional problem with the

eVD process is the time required to make
deposits. It is a slow process with depo-

sition rates in the 1 to 10 /ini/min range,

but methods such as multiple cyclings of

the fiber through the deposition chamber
can be envisioned, which may speed up
the overall coating process.

Organometallic Precursor

The organometallic precursor (or

sol-gel) process typically uses an alkoxide

or mixture of alkoxides dissolved in a sol-

vent. This liquid is used to coat the fibers,

then undergoes a chemical reaction to form

the final product. The basic technique is

shown in Fig. 2 and involves drawing the

fiber or fiber tow through a bath of the

appropriate alkoxide(s), followed by hy-

drolysis of the solution to convert the alk-

oxide to the oxide, which is then followed

Sizing

burn-off

Hydrolysis Drying

(ammonialysis) furnaces

tank (ammonia)

Initial fiber

spool

Take-up

reel

Fig. 2. Schematic of organometallic precursor apparatus for fiber coating.

by higher temperature treatments to py-

rolyze or vaporize any remaining organic

materials. The basic process can be mod-

ified to produce nitrides by replacing the

steam in the hydrolysis step with am-
monia. However, most of the coatings that

have been produced to date are oxides

such as SiOj and ATO,.
Experience with this type of coating

technique has shown that single layers of

about 150 nm can be produced repeat-

ediy.is.23.24 compositional limits im-

posed on this process come from the avail-

able starting chemicals and the reactions

to form the products. As with the CVD
process, ventilation to remove toxic ex-

haust gases such as organic solvents is

required. For thicker coatings (>200 nm),

multiple dippings of the fibers are re-

quired.^^ It is also easy to obtain a graded

composition coating using this technique.

A distinct disadvantage to multiple dip-

pings, however, is the potential for crack-

ing between layers, due to either inade-

quate processing or thermal expansion

mismatch stresses. Like the CVD pro-

cess, this technique can be used to con-

tinuously apply the coating to the fibers.

Polymer Precursors

In concept, the polymer precursor tech-

nique is almost identical to the organo-

metallic precursor technique described

above. The difference is that instead of

using alkoxide or similar materials, a

polymer or oligomer in an appropriate sol-

vent is used, and instead of exposing the

coated fiber to water or ammonia, it is

pyrolyzed to form the ceramic. The ap-

paratus is virtually identical to that shown

in Fig. 2, except that the hydrolyzing fur-

nace is removed from the system. The
coating composition depends on the poly-

mer precursor chosen. This technique has

been used to make carbon coatings from

pitch precursors’^ and SiC coatings from

polycarbosilane.'^

Other coatings that can be made by

this technique will depend on the avail-

ability of polymer precursors. At present,

these appear to be limited to systems that

will result in Si-O-C-N, SijNi and, per-

haps, Si-Al-O-N materials. Like the

CVD and organometallic precursor tech-

niques, this method is also a continuous

process. An extension of this technique

would be to use inorganic glasses as the

precursors, which would be deposited at

elevated temperatures. The exact com-

positions that would be useful have not

been identified at this time, but one ex-

ample is the family of glasses used for

joining SijNj and SiC.-’

Electrodeposition and Electroless Plating

The electrodeposition and electroless

plating techniques provide methods'*^'* for

applying metals if it is decided that a me-

tallic coating is needed. Electrodeposition

or electroplating is a process of metal dep-

ositi.m from a solution (including fused



salts) via electrolysis. The process re-

quires the presence of both an anode to

supply electrons to reduce the metallic

ion(s) in solution to metal and a cathode

on which to deposit the metal. In the pres-

ent case, the fiber or tow acts as the cath-

ode. Although a conductive fiber might

be preferred, methods are available for

striking an initial conductive coating onto

a nonconductive substrate, which should

permit its use with any fiber type. This

technique has been used at the National

Institute of Standards and Technology

(formerly National Bureau of Stan-

dards)^® to produce Ni coatings on SiC
monofilaments for a mechanical test pro-

gram. It is also being used commercially

to produce copper-coated graphite fi-

bers.^'

Electroless plating uses no electrodes,

but rather relies on a chemical reducing

agent in solution to supply the electrons

required to produce the metallic deposit.

It is a relatively slow process, which re-

quires that the deposition surface be au-

tocatalytic (capable of initiating and sus-

taining the desired reaction). If this is done

properly, it will provide a uniform coating

of metal, but its use for coating multifil-

ament tows is unclear, since the effects of

interacting surfaces are not known at this

point.

Une-of-Sight Techniques

A number of techniques are included

in this category such as sputtering, phys-

ical vapor deposition, ion implantation, and
electron-beam evaporation. The common
thread in all of them is that they require

a direct path from the source to the sub-

strate. Although they are all relatively

simple techniques to set up and use, they

would not be useful for multifilament tows

in which direct access is cither not pos-

sible or very difficult to achieve due to

the blocking effects of the fibers on one

another.

For single filaments such as the AVCO
monofilaments or spread tows, it may be

possible to use multiple targets, or the

fibers could be rotated somehow to expose

them to the depositing material. The need
for such a rotation or multiple targets could

lead to difficulties in uniformity of the

coating and its chemical homogeneity. In

addition, these techniques do not appear
to be appropriate for the type of contin-

uous processing that would be desirable

for a large-scale compoj'tcs program, al-

though it is conceivable that it could be
done.

Coating Characterization

To achieve a composite that has both

adequate strength and damage tolerance,

the thickness and composition of any
coating must be controlled. The reasons

for this are related to the need for a bond

strength between fiber and matrix that

allows load transfer from the matrix to

the fiber below a minimum threshold strain

and permits fibers to pull out of the ma-

trix during fracture, thus contributing to

graceful failure of the material. To ensure

uniformity of the coating both in terms

of thickness and chemical composition,

some method of characterization must be

used, preferably during or immediately

after the coating has been applied. Un-
fortunately, at present there do not appear

to be any techniques that are used for

coating characterization on a continuous

process basis.

The most common techniques for ex-

amining coatings on fibers, either after

they are deposited or after they are in-

corporated into the matrix are electron

microscopy (i.e., scanning electron mi-

croscopy (SEM) and transmission elec-

tron microscopy (TEM)) and scanning

Auger microscopy (SAM).^-^-^^” Unfor-

tunately, these techniques arc limited to

examining very small areas at any one

time, making it impossible to use these

techniques for other than research pur-

(A)

poses. The information gained from these

techniques is substantial, however, and can

be used at some future date to correlate

with other continuous scanning processes

that may be developed.

Examples of the types of information

that can be gained from SEM and SAM
are shown in Figs. 3 to 5. Figure 3 shows

a micrograph of a carbon fiber that has

been coated with SiO, using the organo-

metallic precursor process. The thickness

of the coating can be determined from

fracture surfaces as can its uniformity

(smoothness) as shown in the figure.

Figures 4 (a survey scan of a carbon-

coated Nextel 400* fiber surface) and 5

(a depth profile of the same coaled fiber)

show typical SAM results. The survey scan

indicates that the carbon layer is present,

but is thin enough to allow the Auger

electrons of the fiber to be emitted and

measured. It is obtained by scanning the

specimen over a period of time and ana-

lyzing the Auger electrons emitted during

the scan. The Al, Si, O, and B are all

contained in the fiber, whereas C is due

to the coating. The depth profile is ob-

tained by sputtering the surface with Ar"^

(B)

Fig. 3. SEM of cartxon fiber coated with SiOj. Coating thickness can be measured from the

fracture surface, coating uniformity from the side view. (Photograph, courtesy of The Aero-

space Corporation, El Segundo, CA) (A = 3000x; B = 1000x)

Fig. 4. Scanning Auger survey spectrum of carbon-coated Nextel 440 showing the presence

of Al, B. C, 0, and Si. Al. B, 0, and SI are present in the fiber; C is the coating matenal.
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Fig. 5. Scanning Auger depth profile of cartx>n-coated Nextel 440 showing atomic concen-

tration versus sputter time. Sputter time can be converted to coating thickness if sputter rate

is known. Coating thickness in this case is about 30 nm.

ions for a known time to remove material.

When the sputtering rate is known or

measured, the time axis can be converted

to depth.

The profile in Fig. 5 shows how thick

the carbon layer is in any particular lo-

cation. Repeated profiling at various lo-

cations would reveal the uniformity in

thickness of the coating as well as the

presence of any impurities in either the

fiber or the coating. The implications of

these results for the particular composite

involved (mullite-mullite) are explained

in more detail elsewhere.^^

Following fabrication or service, the

same techniques can be used to determine

how the fiber-matrix interface chemistry

and thickness have changed. When these

techniques are coupled with the mechan-

ical properties techniques to be described

later, they provide a reasonably complete

picture of the composite behavior.

Several potential methods for deter-

mining thickness and composition in real

time can be envisioned. One possible

method for determining thickness in-

volves continuously scanning the coated

fiber with a laser of an appropriate wave-

length (probably ultraviolet), with a de-

tector mounted opposite the laser. The de-

tector would be used to measure the

thickness via either scattering or diffrac-

tion patterns generated as the light passes

through the coating. Such signals could

then be correlated with thickness mea-

surements made using techniques such as

the scanning Auger. Other methods in-

volving electrical conductivity or resistiv-

ity can also be envisioned, if a means for

maintaining electrical contact can be es-

tablished in the process.

Tc^iron/AVCO, Lowell. .^1A.

Technologies, East Hartford. CT

A method for continuously monitoring

composition might be laser Raman spec-

troscopy^* or Fourier transform infrared

spectroscopy (FTIR).^*“ Both methods
would use infrared (IR) wavelengths to

scan the coated fiber and the Raman-in-
duced vibrations or IR vibrations used to

identify the composition, as compared with

signals generated from standard refer-

ence materials. TTie FTIR method has been
shown to be sensitive to SiOj coatings

generated on SiC fibers by thermal oxi-

dation.

Characterization of the coating before

it is incorporated into the composite is

only half the storj’. Additional postfabri-

cation characterization of the fiber-

coating-matrix interface is also required

to ensure that the coating has been prop-

erly transformed into the desired inter-

face material with the desired properties.

The key property of interest is the fi-

ber-matrix interfacial strength. This
property consists of two separate com-
ponents, namely, a debonding strength (tJ
at which any chemical bond between fiber

and matrix is released, and an interface

stress (ry) at which the fiber pulls smooth-
ly out of the matrix.

Tr also has two components dictated by
a static and a dynamic coefficient of fric-

tion. Several experimental methods in-

cluding indentation push-in, indenta-

tion push-out,*® and single-fiber pullout*'**^

tests have been used to characterize both

the debonding strength as well as the fric-

tional stress. The indentation tests can be

performed using an instrumented indent-

ed thus allowing for independent deter-

minations of force and displacement.

The advantage of the instrumented in-

denter over the method of MarshalF* is

that the sizes of the indentations, which
are very small and the measurement of

which is a significant source of error, do

not have to be measured directly. Specific

composite systems that have been ex-

amined include glass (Na.O-B.Oj-SiO,,
Na.O-CaO-SiO;) matrices reinforced by
SiC monofilaments (SCS-6)* and a glass-

ceramic (LAS-III) matrix reinforced by
SiC fibers (Nicalon).*

In general, there is reasonable agree-

ment between the values of Ty measured
using the different methods. Single-fiber

pullout test results gave Ty of 2 to 12.5

MPa for the SiC/Na.O-B.Oj-SiOj sys-

tem and 4 to 20 MPa for the SiC/
Na-O-CaO-SiOj system.*’ Ty increased

in going from the Na.O-BjOj-SiOj to the

NajO-CaO-SiO, system, due to the in-

crease in thermal expansion difference

(Aa= 6xl0-V'C for SiC/Na^O-BA-
SiO, and SbxlO'V^C for SiC/Na,0-
CaO-SiOj), which in turn results in a

higher clamping stress on the fiber, hence

a larger r^. The differences in Ty measured
for the SiC/NajO-BjOj-SiO: system are

currently ascribed to the different ana-

lytical methods used by different inves-

tigators.

The indentation push-in test gave val-

ues of T between 2 and 34 MPa for the

SCS-6-LAS-III system. The former val-

ue comes from the work of Marshall’*

whereas the latter is based on the work

of Fuller et al.”*® The range in r is be-

lieved to be due to differences in bonding

between the fibers and matrix at various

locations in the samples. In the indenta-

tion pushout test, three regimes are known

(Fig. 6); an initial region in which the

diamond is in contact with the fiber only

and the sliding length is less than the

thickness of the sample, a plateau region

in which the sliding length is equal to the

thickness of the sample, and a final region

in which the diamond makes contact with

and deforms the matrix. The behavior of

the fiber-matrix system in the initial re-

gion should be identical to that of the

indentation push-in test. Values of t be-

tween 1 and 55 MPa for the SiC-LAS-
III composite were obtained using this

push-out test.

The major limitation of all the inden-

tation techniques, like those for chemical

analysis, is that only small portions of the

material can be examined at any given

time. An additional constraint involves how
well the diamond is centered on the fiber

being indented. If the diamond is not cen-

tered, torques can be imposed on the fiber

that will lead tc artificially high values

for both Ti and t,. .A third constraint is

imposed by sample size and preparation.

The samples are small (approximately 5

by 5 by 1 to 5 mm) and must be polished

and reasonably parallel. Additional post-

fabrication chemical and structural char-

acterization can be performed using the

SEM/TEM and SA.M techniques dis-

cussed earlier.

Extending the Limits

The descriptions and discussions given

above show that each of the coating tech-
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Fig. 6. Schematic of force squared versus displacement for the indentation push-out test

showing the three regimes of behavior: diamond pushing on partially depended fiber only

(first regime); diamond pushing on fiber debonded along its entire length (second regime);

diamond making contact with matrix (third regime).

niqucs can be used to provide useful ma-
terials within certain limits. By and large,

almost any desired composition can be

applied to a useful thicimess, using one

or more of the techniques. A better def-

inition of the coating’s purpose (e.g., is it

a diffusion barrier, a reaction inhibitor, or

something else?) and a good knowledge

of the thermodynamics and kinetics of the

fiber-coating-matrix system are still re-

quired. In particular, one of the compo-
nents needed to successfully coat fibers

uniformly is a method or methods of de-

termining composition and thickness in

real time.

Characterization methods are current-

ly limited to those techniques that can

examine small amounts of material and
require time-consuming specimen prepa-

ration and/or expensive analysis equip-

ment. Particularly in the mechanical
properties area, understanding of the re-

lationships between the simple test meth-
ods and real composite materials is lim-

ited, Real progress in this area will only

be made when the correlation between the

results of tensile tests (tr, c) and push-in/

push-out/pullout tests t^) can be made
and related to interfacial structure and
chemistry.
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Interfacial Chemistry of Mullite-Mullite Composites

Ori Yeheskel,* Mari Lou Balmer, and David C. Cranmer

Ceramics Division

National Bureau of Standards

Gaithersburg, MA

Interfacial chemistry of mullite fiber reinforced-mullite matrix composites

was examined using SEM/EDX and scanning AES. All the fibers bond
strongly to the matrix and exhibit no sliding during a fiber push-in test. Ex-

cess Si over Al is found at the fiber-matrix interfaces. AES results show
the carbon layer is nonuniform and in some cases less than 30 nm thick.

Introduction

The key to obtaining strength and toughness in ceramic matrix composites lies

in the ability to control the chemistry and properties of the fiber-matrix interface.

In these materials, the bond between the fiber and matrix should be such that the

fibers are difficult to pull out of the matrix but not so strong that cracks propagate

unimpeded across the fibers and matrix. Carbon and boron nitride coatings have

been shown to provide the necessary interfacial properties.

Mullite (3Al203-2SiO2) has potential application as a radome materiaP but one

deficiency^ in the monolithic form is its low fracture toughness (Kjc). Improve-

ment of Kic from 2.2 MPa-m''^ to 4.7 MPa*m‘'^ was reported^ through the addi-

tion of 20 vol% SiC whiskers. Although a considerable improvement, the addition

of 20 vol% SiC whiskers may adversely affect the dielectric properties. The pre-

sent study was undertaken to examine the possibility of producing mullite matrix

composites reinforced by continuous mullite fibers.

Experimental Procedures

Three different mullite fibers were used in this study: Nextel 480, Nextel 440,

and carbon-coated (by a CVD process) Nextel 440. Fiber phase composition was

determined by X-ray diffraction. Additional characterization was done using SEM
with EDX analysis. Carbon-coated Nextel 440 fiber was examined in a scanning

Auger microprobe. The composites were fabricated by laying each set of fibers

between previously cold-pressed (25 MPa) mullite powder bars,+ which were then

cold-pressed (50 MPa), wrapped with Mo foil, and hot pressed in a graphite die

(Ar atmosphere of 0. 1 MPa at 1465 °± 10 ®C, 27 MPa, 1 hour). The three resulting

composites were separated from one another with a diamond wafering blade. Density

was determined by Archimedes’ method in distilled water. Microhardness of the

fibers and matrices was determined using the method of Marshall,^ which is an

indentation push-in test, at loads of 0.5, 1 , and 2 N. The composites were examin-

ed in the SEM after being coated with a thin layer of carbon to reduce charging

and permit data acquisition for chemical microanalysis by EDX.

"On leave from NRCN. Israel.

’?.M Corp., Ceramic Materials Dept.. St. Paul, MN.
’High Purity Mullite 193-CR. Baikowski International, Charlotte, NC.
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Results and Discussion

Indentation

Examination of the fiber indentations showed that no movement had oc-

curred. In many cases, cracks which initially developed in the dense fibers pro-

pagated from the indentation site into the less dense matrix, suggesting that the

bond between the fiber and matrix is a strong chemical bond. Figure \(A) shows

an indent in the middle of a carbon-coated 440 fiber, where blunting of the cracks

in the matrix can be seen. Figure 1(5) shows 1 N indent on one fiber in a 440

bundle, where the cracks extend into the matrix and on into the fiber bundle.

Figure 1(0 shows various 1 N indents in a bundle of Nextel 480 fibers; crack

extension is evident. Table 1 summarizes the hardness values of the fibers and

matrices. The hardness of single fibers in the less dense matrix is always less than

in the dense fiber bundle. The results show that the hardness increases with decreas-

ing indentation load. Similar findings of increasing hardness with decreasing loads

have been reported in ceramics. ‘ ^ Differences in matrix hardness are probably

due to density differences arising from the hot pressing process. The composite

density ranges from 82 to 87%. Given the lack of fiber motion, additional chemical

information on the fiber-matrix interface is discussed below.

Interface Chemistry

Figures 2(A-Q show the X-ray diffraction patterns of the three fibers. Analysis

(Table II) shows that the 480 fibers consist of mullite and a minor amount of an

amorphous phase. The 440 fibers contain mullite, an amorphous phase, and t]-

AI 2O 3 . The coated 440 contains less amorphous phase and more mullite than does

the uncoated 440, suggesting that mullite was formed at the expense of the amor-

phous phase during coating.

EDX analysis showed that a stoichiometric mullite matrix was not present ex-

cept in the Nextel 440 fiber-containing sample, all other cases showed an excess

of Si over Al. Since the carbon layer may preferentially absorb the A1 X-rays,

a correction factor (CF) was incorporated into the compositional analyses. The
CF was determined by calculating the ratio between the theoretical stoichiometric

mullite (28.25 wt% SiO^) and the calculated SiOi wt% content determined from

the measured Si value in each matrix. The CF was multiplied by the calculated

wt% SiO: in the fibers. AI 2O 3 content is assumed to be 100 wt% SiO:. The cor-

rected values of SiO^ and AI 2O 3 are shown in Table II.

Uncorrected EDX line scans and corresponding micrographs along a bare Nex-

tel 480 fiber, across two Nextel 480 fibers in the composite, and across one Nextel

-UO fiber in the composite are shown in Figs. St.-l-C). respectively. Figure 3(.-l)

shows a homogeneous distribution of Al and Si along the fiber as well as a systematic

variation m Si and Al. representative of an apparent layered structure in the fiber.

The sca.ns in Figs. 3(5. and 3(C) show that the interfaces between fiber and matrix

and between fiber and fiber contain larger amounts of Si than Al. Si is probably

present as a (boro)silicate. resulting in a strong chemical bond across the inter-

faces. However, the interface composition was not determined because the precise

boron content could not be measured due to interference from the carbon coating.

Figure 4 shows the AES survey scan of the carbon-coated Nextel 440 fiber.

In addition to C from the coating, the elements present in the fiber (Si, Al, B,

and O) are all evident. The fact that the fiber elements are seen prior to sputtering

indicates that the coating is thin ( <30 nm). Survey scans taken at other points

do not show the fiber elements without surface removal, indicating a nonuniform
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coating. Analysis of the energy peak location* shows that Si is present in a covalent

environment (Si or SiC) while A1 is present in a metallic or carbidic form (Table

III). A1 is assumed to be present as the carbide. The peak shape of the carbon in-

dicates that it is present as carbidic material, not as a hydrocarbon. Figure 5 shows

the depth profile of the coated fiber. The sputtering rate of carbon is about 12.5

nm/min, thus the coating in this location is alx)ut 25 nm thick. On sputtering through

the surface layer, the carbon concentration increases to a peak, while the AI and

O contents decrease and the Si and B contents increase slightly. At depths greater

than that corresponding to the carbon concentration peak, the carbon content

decreases steadily to a constant value, the Al and O concentrations increase

significantly to approximately constant values, and the Si and B contents decrease

slightly. After most of the carbon layer has been removed, the variation of Al,

Si, and B is systematic, indicative of a layered structure as was seen in Fig. 'i(A).

The depth profile indicates that carbon atoms diffused into the interior of the fiber.

Conclusions

The results of this study showed that the fibers did not move during the push-

in test. Cracks extend unimpeded from the fibers to the matrix and from fiber to

fiber within fiber bundles. This behavior is indicative of a strong interfacial bond

between fiber and matrix and between fiber and fiber. The end result is that no

toughening of the mullite material would be expected. The surface chemical com-

position of the fibers changes from a homogeneous distribution of Al and Si prior

to hot pressing to an inhomogeneous, Si-rich material in the studied composites.

These interfaces most likely consist of a borosilicate glass composition.

The carbon coating on the Nextel 440 fibers, which was expected to provide

the necessary interface properties, was either too thin or too nonuniform to act

as the appropriate interface. Auger results showed that the fiber’s major constitu-

ents diffused through the carbon during the coating process, enabling or enhanc-

ing the formation of a strong chemical bond between the fibers and matrix.
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Table I. Vickers Microhardness of Fibers and Matrix (GPa)'

Load (N) 1

Matrix §

2 3 I

Fiber #

2 3

0.5 13.1±1.8 13.7±3.0 8 . 8 ± 1.0 17.5±2.0 19.7±3.0 17.7±1.5

1.0 10.9±1.0 12 . 1 ± 1.0 8.7±0.7 15.9±1.3 15.7±0.5 17.7±0.8

2.0 7.6±1.5 9.5±1.0 6.3±0.6 — — —
'Matrix (i) contains Fiber (/).

Table II. Chemical and Phase Composition of Mullite Fibers

Chemical composition

Mullite Fibers

AljOj

Wt%
SiOj B2O3

wt % wt % Phase composition

Nextel 480

nominal 70 28 2 Mullite ( 3 Al 203
-

2 Si02)

present study* 70.1 ±1 29.9±1 nd* Mullite (VS)* + Amorphous phase (VW)
Nextel 440

nominal 70 28 2 Mullite

+

7-AI 2O 3

present study" 69.6±! 30.1 + 1 nd‘ Mullite (M-S)+r;-Al 203

(S) + Amorphous phase (M-W)
Nextel 440 w/ C
nominal 70 28 2 Mullite+ 7-Al 203
present study* 70.5 ±1 29.5±1 nd‘ Mullite {S)+r]-Al20j (S)

+ Amorphous phase (W)

'Corrected as explained in text.

'Not detected.

*VS-Very Strong, S-Strong, M-Medium, W-Weak, VW-Very Weak.

Table III. Auger Peak Locations in Composite vs Handbook Values

Element Composite location (eV) Handbook value and environment (eV)'

Si 92 72 (Si), 76 (SiO:)

1619 1619 (Si), 1606 (Si02)

A1 68 51 (AI203), 68 (Al)

1394 1378 (AI 2O 3 ), 1396 (Al)

C 272 272 (C)

B 179 179 (B)

0 508 503 (MgO)
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Fig. 1. Micrographs of polished and indented sections: {A) carbon-coated

Nextel 440, 0.5 N load, (B) Nextel 440, 1.0 N load, and (C) Nextel 480,

1.0 N load.
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Fig. 2. X-ray diffraction patterns of the fibers on a Mo substrate

(unmarked peaks are mullite); (A) Nextel 480, (B) Nextel 440, and (C)

carbon-coated Nextel 440.
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Fig. 3. EDX line scans showing A1 and Si concentrations; {A) bare Nextel

480 fiber, (B) two Nextel 480 fibers in contact in composite, and (C) one
Nextel 440 fiber in composite.

ELECTRON ENERGY, eV

Fig. 4. AES survey scan of carbon-coated Nextel 440 fiber.
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